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ABSTRACT 

CASTELLANI,  J.  W.,  I,  K.  M.  BRENNER,  and  S.  G.  RHIND.  Cold  exposure:  human  immune  responses  and  intracellular  cytokine 
expression.  Med.  Sci.  Sports  Exerc.,  Vol.  34,  No.  12,  pp.  2013-2020,  2002.  It  is  commonly  believed  that  exposure  to  cold  environmental 
temperatures  depresses  immune  function  and  increases  the  risk  for  infection.  This  review  paper  will  1)  present  an  overview  of  human 
physiological  responses  to  cold  exposure,  2)  present  the  human  studies  examining  the  effects  of  cold  exposure  on  immune  responses,  and  3) 
summarize  recent  experiments  from  our  laboratories  examining  the  effects  of  exercise  and  fatigue  on  immune  responses  during  subsequent 
cold  exposure.  Based  on  the  review  of  the  literature,  there  is  no  support  for  the  concept  that  cold  exposure  depresses  immune  function.  Key 
Words:  ANTARCTICA,  EXERCISE,  HYPOTHERMIA,  NATURAL  KILLER  CELLS,  SHIVERING 


Many  myths  surround  the  idea  that  exposure  to  cold 
ambient  temperatures  causes  human  beings  to 
contract  colds  or  other  respiratory  tract  infections 
caused  by  rhinoviruses.  Indeed,  use  of  the  term  “colds”  may 
come  from  the  common  belief  that  cold  exposure,  in  and  of 
itself,  causes  upper  respiratory  tract  infections  (URTI).  How¬ 
ever,  the  data  to  support  a  link  between  cold  ambient  temper¬ 
atures  and  reduced  immune  function  and  increased  suscepti¬ 
bility  to  infections  in  humans  is  not  well  delineated.  Two 
review  papers  have  recently  been  published  (55,56),  with  in¬ 
formation  focusing  primarily  on  animal  studies,  which  are 
difficult  to  extrapolate  to  humans.  The  purpose  of  this  paper  is 
to  1)  present  an  overview  of  human  physiological  responses  to 
cold  exposure,  2)  present  the  human  studies  examining  the 
effects  of  cold  exposure  on  immune  responses,  and  3)  sum¬ 
marize  recent  experiments  from  our  laboratories  examining  the 
effects  of  exercise  on  immune  responses  during  subsequent 
cold  exposure.  The  reader  should  be  aware  that  changes  in 
immune  responses  reported  in  this  paper  cannot  be  directly 
extrapolated  to  changes  in  host  defense. 

PHYSIOLOGICAL  RESPONSES  TO 
COLD  EXPOSURE 

Human  beings  rely  primarily  upon  behavioral  thermoreg¬ 
ulation  to  maintain  their  body  temperature  during  cold  ex¬ 
posure  (66).  Humans  wear  clothing,  seek  shelter,  and  gen- 
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erate  heat  from  various  sources.  However,  there  are  many 
instances  where  these  strategies  are  insufficient  or  unavail¬ 
able.  For  example,  individuals  who  engage  in  wintertime 
activities  such  as  back-country  skiing,  snowshoeing,  or  mil¬ 
itary  field-training  exercises  may  not  be  dressed  accord¬ 
ingly,  may  become  wet  and  lose  their  clothing  protection, 
may  become  fatigued  and  therefore  cannot  generate  heat  via 
exercise  metabolism,  or  may  not  have  access  to  heat-gen¬ 
erating  devices.  In  these  cases,  physiological  adjustments 
must  be  made  to  maintain  body  core  temperature.  The  two 
major  physiological  adjustments  humans  make  when  ex¬ 
posed  to  cold  are  1)  increased  shivering  thermogenesis  and 
2)  increased  peripheral  vasoconstriction. 

Humans  increase  metabolic  heat  production  by  initiating 
shivering  activity.  Shivering  is  an  involuntary,  repeated,  rhyth¬ 
mic  muscle  contraction.  Shivering  contractions  are  the  same  as 
muscular  contractions  during  exercise,  except  that  no  useful 
work  is  performed;  thus,  most  of  the  contraction  produces  heat 
that  aids  in  defending  core  temperature.  It  usually  begins  in  the 
torso  region  and  spreads  to  the  limbs  (8).  Shivering  is  initially 
controlled  by  the  rapid  fall  in  skin  temperatures  and  subse¬ 
quently  by  the  fall  in  body  core  temperature,  with  the  core 
temperature  accounting  for  -67-80%  of  the  thermoregulatory 
drive  for  shivering  (24,57).  Shivering  can  increase  metabolic 
heat  production  2-5  times  above  resting  levels.  For  exam¬ 
ple,  the  oxygen  uptake  of  men  resting  in  5°C  air  averaged 
600-700  mL-min  1  (46).  Cold-water  exposure  (18°C) 
elicits  even  greater  falls  in  core  temperature  and  higher 
oxygen  uptakes  (1  L-min  ”')  than  cold-air  exposure  (67). 
The  highest  shivering  rates  observed  were  2.2  L-min-1, 
which  corresponded  to  -  46%  V02max  or  a  sevenfold 
increase  in  resting  metabolism  (31).  Adult  humans  differ 
from  smaller  mammalian  species  (i.e.,  rats  and  mice)  in 
that  we  have  virtually  no  capability  to  increase  metabolic 
heat  production  through  nonshivering  thermogenesis. 

The  other  major  mechanism  for  defending  core  temper¬ 
ature  is  to  limit  heat  loss  by  peripheral  vasoconstriction. 
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Reducing  peripheral  blood  flow  reduces  convective  heat 
flow  between  the  core  and  shell,  increasing  effective  insu¬ 
lation  (26).  Vasoconstriction  also  causes  skin  temperature  to 
fall  thus  decreasing  the  thermal  gradient  between  the  skin 
and  external  environment,  effectively  lowering  heat  trans¬ 
fer.  Cutaneous  vasoconstriction  is  maximal  below  skin  tem¬ 
peratures  of  31°C  (59);  further  decreases  in  heat  transfer 
occur  by  limiting  blood  flow  to  underlying  muscle.  Periph¬ 
eral  vasoconstriction  redistributes  blood  to  the  core  causing 
increased  stroke  volumes  and  small  changes  in  heart  rate 
(46);  thus,  cardiac  output  increases,  which  supports  higher 
metabolic  heat  production. 

The  physiological  adjustments  to  the  cold,  by  themselves, 
can  elicit  immunological  changes  possibly  not  related  to 
cold  exposure,  per  se.  For  example,  it  is  well  known  that 
exercise  causes  profound  changes  in  the  immune  system 
(39,47)  and  because  shivering  contractions  are  similar  to 
exercise,  it  could  be  that  just  exercise  in  general  stimulates 
immune  responses.  Redistribution  of  blood  flow,  loss  of 
plasma  volume,  and  increases  in  cardiac  output  all  have 
been  observed  to  affect  components  of  the  immune  system 
(54),  and  these  physiological  changes  occur  during  both 
exercise  and  cold  exposure. 

One  profound  event  that  occurs  during  cold  exposure  is 
the  activation  of  the  sympathetic  nervous  system  (SNS). 
Cold  exposure  causes  plasma  norepinephrine  concentrations 
(a  marker  of  SNS  activity)  to  increase  (15-17),  and  periph¬ 
eral  vasoconstriction  is  controlled  by  alpha-adrenergic  re¬ 
ceptors  (22).  Also,  the  SNS  mediates  and  modulates  im¬ 
mune  function  (54)  and  thus  cold  exposure  can  indirectly 
affect  immune  system  responses  through  activation  of  the 
SNS.  Definitive  adrenergic  blocking  studies  during  cold 
exposure  have  not  been  done  to  confirm  this  hypothesis. 

Plasma  cortisol  can  modulate  the  immune  system  (54); 
however,  the  effects  of  cold  exposure  on  plasma  cortisol 
concentrations  are  equivocal  (23,62,64).  One  problem  with 
studies  examining  cortisol  responses  concerns  pre-  and  post¬ 
cold  exposure  cortisol  measurements  occurring  around  late 
morning  to  mid- afternoon.  Plasma  cortisol  levels  normally 
fall  during  this  time  of  the  day  (12)  so  it  is  difficult  to 
discern  if  changes  in  plasma  cortisol  are  due  to  the  cold 
stress  or  to  the  normal  diurnal  rhythm.  Another  problem 
when  analyzing  cortisol  changes  is  that  this  hormone  is  a 
steroid,  so  it  is  not  synthesized  rapidly  after  acute  cold 
challenges,  and  therefore  changes  may  not  reflect  its  secre¬ 
tion  and  clearance  rates. 

Cold  Exposure  and  Immune  System:  Previous 
Human  Findings 

Experimental  (10,42)  as  well  as  anecdotal  (36)  reports 
have  suggested  that  cold  exposure  increases  susceptibility  to 
infection  (56).  However,  the  majority  of  experimental  data 
reporting  blunted  immune  responses  to  cold  exposure  have 
been  performed  in  mice  and  rats.  The  question  is  whether 
higher  human  infection  rates  are  due  to  cold  exposure  per  se 
as  implied  by  the  animal  work,  or  due  to  other  lactors 
associated  with  cold  exposure.  Extrapolating  data  from  an- 
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imal  studies  for  generalization  to  humans  is  also  difficult. 
Many  of  the  animal  experiments,  for  example,  used  cold- 
water  immersion  as  a  stressor.  Using  this  model,  it  is  diffi¬ 
cult  to  ascertain  whether  immune  responses  changed  as  a 
result  of  cold  exposure  or  due  to  the  fact  that  the  animal  was 
in  a  life-threatening  situation  with  many  other  stressors 
present  besides  cold  exposure. 

Table  1  presents  human  studies  on  immune  function  after 
moderate  cold  exposure  or  over-wintering  in  Antarctica. 
Only  a  few  of  the  studies  employed  controlled  cold-expo- 
sure  experiments  and  they  were  relatively  brief  in  duration. 
The  results  have  been  equivocal  with  one  study  observing  an 
increase  in  NK  cell  activity  (41)  and  the  other  a  decrease  in 
cell  proliferation  after  mitogen  stimulation  (38).  Jansky  et 
al.  (37)  found  that  acute  cold-water  immersion  (14°C)  in¬ 
creased  white  blood  cell  counts  and  that  cold  acclimation 
(6-wk  of  cold  water  immersion,  3  times  per  week)  increased 
the  percentage  of  CD  14  '  and  CD25+  cells.  From  these 
limited  studies,  the  data  do  not  support  the  idea  that  cold 
exposure  impairs  immune  responses  that  may  be  linked  to 
overall  function.  Definitive  tests  to  assess  functionality  need 
to  be  conducted. 

Numerous  studies  have  been  performed  in  personnel  sta¬ 
tioned  in  Antarctica  for  long  periods  of  time.  The  conclusion 
from  these  studies  is  that  over-wintering  in  Antarctica  does 
not  appear  to  impact  the  immune  system  to  the  degree  that 
infection  risks  are  increased.  It  is  unknown  whether  the 
degree  of  cold  stress  imposed  on  the  personnel  is  great 
enough  to  cause  changes  in  immune  function.  These  per¬ 
sonnel  are  well  clothed  and  typically  not  outside  in  the 
severe  cold  weather  for  very  long  periods  of  time  to  incur 
significant  cold  strain.  This  type  of  cold  exposure  usually 
cools  the  face  and  hands  but  does  not  cause  core  cooling. 
The  higher  respiratory  infection  rates  in  the  Antarctic  sum¬ 
mer  are  likely  caused  by  exposure  to  people  on  supply  ships 
who  pass  the  virus  onto  the  over-wintering  population  (56). 
These  Antarctic  studies  are  also  difficult  to  use  as  a  model 
of  cold  exposure  because  many  other  factors,  including 
psychological  ones,  are  common  during  isolation  in  Antarc¬ 
tica.  Indeed,  the  National  Aeronautic  and  Space  Adminis¬ 
tration  uses  over-winterers  in  Antarctica  as  a  model  to 
examine  isolation  effects  that  may  be  present  during  space 
travel  (43). 

Perioperative  hypothermia  has  been  shown  to  affect  im¬ 
mune  responses.  Only  one  study  has  directly  examined  the 
effect  of  perioperative  hypothermia  versus  perioperative 
normothermia  on  the  immune  response.  Briefly,  Beilin  et  al. 
(7)  observed,  after  surgery,  that  the  group  that  became 
mildly  hypothermic  during  surgery,  had  suppressed  mito¬ 
genic,  IL-1  j8,  and  1L-2  responses,  compared  with  a  group 
that  remained  normothermic.  Whether  these  findings  trans¬ 
late  into  higher  infection  rates  after  surgery  where  hypo¬ 
thermia  is  induced  is  debatable  (6,40).  Also,  generalizing 
these  results  to  nonsurgical  patients  exposed  to  cold  is 
difficult.  For  example,  the  combination  of  cold  and  anes¬ 
thesia  may  interact  to  decrease  cell  proliferation  to  mitogen 
stimulation,  whereas  mild  hypothermia  (34-35. 5°C)  in¬ 
duced  with  only  cold  exposure  may  potentially  cause  a 
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TABLE  1.  Studies  examining  immune  function  in  human  subjects  exposed  to  cold 

Study 

Subjects 

Exposures/Tests 

Cold-exposed  (>  35°C  Tcore 
Lackovic  et  al.  (41) 

:) 

8  men 

age  =  20-26  yr 

4°C  air  for  30  min  (sitting  nude) 

Jurankova  et  al.  (38) 

8  men 

age  =  20-30  yr 

4°C  air  for  30  min  (sitting  shorts) 

Delahanty  et  al.  (18) 

Jansky  et  al.  (37) 

31  men 

age  =  29.5  yrs  (20-45) 
nonsmokers,  no  disease  no  hypertension 

10  men 
age  =  22  yr 

Cold  pressor  test 

Intermittent  exposure  of  hand  to 
3°C  water  for  6  min 

60-min  exposure  to  14°C  water 
acutely 

following  3x/wk-6  wk 

Antarctica  studies 

Allen  (4) 

101  men,  in  Antarctica 

Survey  of  cold  symptoms 

Allen  et  al.  (5) 

Williams  et  al.  (63) 

12  men,  overwintering  in  Antarctica 

50  men,  2  women 

Survey  of  cold  symptoms 

Nasal  secretions  of  subjects 

CMI  skin  test 

Warshauer  et  al.  (61) 

33  in  Antarctica  (21-53  yr) 

19  in  sub-Antarctica  (25-59) 

64  men  finishing  isolation 

136  men  just  arrived  in  Antarctica 

Incidence  and  severity  of 
respiratory  illness 

Mehta  et  al.  (45) 

Gleeson  et  al.  (30) 

Shearer  et  al.  (53) 

14  men,  2  women  (25-56  yr)  in  winter 
isolation 

65  men,  8  women 

age  =  31  yr  (23-55) 

1 1  men  in  Antarctica 
age  =  39  yr  (24-55) 

7  men  in  sub-Antarctica 
age  =  36  (26-47) 

Saliva  samples  for  EBV  DNA 
shedding 

CMI  skin  test 

Salivary  IgA,  IgG,  IgM  over  the 
course  of  a  year 

Immunized  subjects  with  T-cell 
dependent  neoantigen  NX-174 
Measured  viral  clearance  and 
primary  and  secondary  Ab 
response 

Perioperative  hypothermia 
Beilin  et  al.  (7) 

30  hypothermic  patients 

30  normothermic  patients 
age  =  53  yrs 

Mitogen  proliferation 

Cytokine  response 

Roth-lsigkeit  et  al.  (50) 

Harig  et  al.  (34) 

Hansen  et  al.  (33) 

14  patients  undergoing  coronary  artery 
bypass  graft  (CABG) 

N  =  7  (<50  yr  old) 

N  =  7  (>65  yr  old) 

30  patients  undergoing  CABG 

21  patients  undergoing  eye  surgery 

Tcore  1  to  32°C 

Hypotension  (N  -  14)  induced  with  enalapril 
and  nitroglycerin  7  control  patients 

IL-1/3,  IL-2,  IL-6,  IL-10,  TNF-a 
before,  during,  and  after  CABG 

IL-10  response  during  CABG 

IL-1/3,  IL-6,  IL-10,  TNF-a, 
adhesion  molecules  selection 
and  ICAM-1 

Results 


Tsl  1  by  0.45°C 
t  NE  3-fold 
f  NK  cell  activity 

f  NE  3-fold  optimal  dose  of  PHA  and  PWM 
NC  in  proliferation  sub-optimal  dose  of  PHA 
I  proliferation  3-4  h  post-cold 
NC  in  NK  cell  activity 
NC  in  proliferation  to  PWM 

Acute  exposure  -  f  WBC  count 

After  6  weeks  -  f  %  of  CD14+  and  CD25+  cells 
t  TNF-a  at  rest 

Long  periods  of  isolation  0.1  colds/man/yr 
Summer  relief  periods  2.1  colds/man/yr 
8/12  have  respiratory  ailments 
Type  of  virus  not  identified 
t  induration  size  for  sub-Antarctic  group  (24.9 
mm  vs  16.3  mm) 


39%  of  isolated  group— colds 
43%— newly  arrived 

colds  more  prevalent  in  smaller  living  quarters 
f  EBV  DNA  shedding 

CMI-varied  response 

IgA,  IgM  low  in  first  4  months,  return  to  baseline 


All  cleared  NX-174  in  7  d 
IgM  to  IgG  switch 


No  differences  between  groups 

Tes  35.3°C  in  hypo  and  36.3°C  in  normothermic 
Proliferation  J.  in  hypothermic 
IL-10,  IL-2  J,  in  hypothermic 
NK  activity  |  in  both  groups 
No  differences  between  age  groups  for  any 
cytokine 


Hypothermia  i  IL-10  (r  =  0.80) 

Hypotension  had  no  effect  on  circulating  cytokines 

t  ICAM-1  1-d  postoperative  (hypothermia  ?) 


FRU  VCnIteJ!lcoeratlJre:  A"Astlbllnsual;,1 ^  norepinephrine;  NK,  natural  killer  cell;  PWM,  pokeweed  mitogen;  PHA,  phytohemoagglutinin;  NC,  no  change;  CMI  cell-mediated’ immunitv- 
inter'ie  k  n  UP  Ur  '9A'  imm«jno9 obiihii  A;  IgC,  immunoglobulin  G;  IgM,  rmmunoglobulin  M;  Tos,  esophageal  temperature;  IL-10,  interleukin  1  -  eta;  L  2  inte  euk  2  IL  0 
interleukin  10,  TNF-a,  tumor  necrosis  factor;  ICAM,  intercellular  adhesion  molecule-1.  1  L' IL  lu' 


different  response.  For  the  most  part,  hypothermia  studies 
are  lacking,  although  Aibiki  et  al.  (1)  found  elevated  IL-6 
and  IL-8  levels  upon  hospital  admission  after  accidental 
hypothermia  to  core  temperatures  <  28°C. 

Immune  responses  during  cold  exposure  with 
exertional  fatigue.  There  are  several  populations  (ath¬ 
letes  and  military  personnel)  that  engage  in  high  levels  of 
activity  and  aie  exposed  to  cold.  However,  the  interaction 
of  exercise  and  cold  exposure  on  immune  function  has 
not  been  well  studied.  Human  data  may  be  confounded  by 
physical  exertion  being  combined  with  cold  exposure. 
For  example,  URTI  are  common  in  elite  cross-country 
skiers  (1 1),  and  studies  of  sustained  military  operations  in 
the  Canadian  Arctic  (52)  have  reported  an  increased 


incidence  and  severity  of  URTI.  Are  these  changes  due  to 
cold  exposure  or  to  high  levels  of  energy  expenditure  (or 
a  combination  of  both)?  It  is  established  that  intense 
exercise  leads  to  transient  decrements  in  immune  func¬ 
tion  (47).  Thus,  these  reports  (11,52)  do  not  support 
unequivocally  that  cold  exposure  suppresses  immune 
function  and  increases  the  incidence  of  URTI.  Also,  cold 
exposure  may  also  cause  other  physiological  changes  that 
are  primarily  responsible  for  affecting  the  immune  re¬ 
sponse.  Factors  such  as  drying  of  the  mucosal  surface,  a 
slowing  of  tracheal  cilia  (29)  or  a  deterioration  of  the 
normal  barrier  function  of  the  skin  (32)  may  all  impact 
immune  responses  and  can  be  caused  by  prolonged  cold 
exposure. 
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TABLE  2.  Directional  changes  in  cell  counts,  plasma  IL-6,  and  norepinephrine  during  120-min  cold  air  exposure  (5°C)  after  each  of  the  4  treatments;  from  Brenner  et  al.(13). 


Treatment 

Leukocytes 

Granulocytes 

Lymphocytes 

Monocytes 

NK  celts 

IL-6 

NE 

35°C-sit 

t 

t 

f 

<-> 

t 

t 

t 

38°C-sit 

f 

t 

<5-> 

t 

** 

t 

t 

18°C-exercise 

j.  a 

^  a 

4->3 

t 

t 

35°C-exercise 

t 

t 

<E-> 

<E-> 

t 

NK,  natural  killer;  IL-6,  plasma  interleukin-6;  l\IE,  plasma  norepinephrine;  Exerc.,  exercise;  f  ,  significant  increase  ( P  <  0.05)  in  variable;  <->,  no  change  (P  >  0.05)  In  variable 
a  Denotes  significant  difference  (P  <  0.05)  between  18°C-Exerc.  and  35°C-Sit.  (60-min  exposure  at  water  temperature  noted,  exercise  conducted  at  55%  V02peak). 


We  have  recently  completed  several  studies  examining 
the  interaction  of  cold  exposure  and  exercise.  The  experi¬ 
ments  described  below  were  performed  in  healthy  humans 
who  were  well  fed,  maintained  normal  sleep  patterns,  and 
were  not  taking  medication.  The  first  study  (13)  examined 
cell  changes  and  natural  killer  cell  activity  during  acute 
cold-air  exposure  subsequent  to  an  acute  exercise  bout.  The 
second  study  (49)  extended  these  findings  and  evaluated  the 
interaction  of  cold  and  multiple  days  of  strenuous  exercise 
on  intracellular  cytokine  expression  and  the  immune  system. 

Study  1 :  Acute  Exercise 

This  study  examined  immune  responses  in  seven  men 
during  acute  cold-air  exposure  (5°C,  2  h)  after  either  rest  or 
exercise  in  various  water  temperatures.  With  this  experi¬ 
mental  design,  changes  in  immune  function  during  cold 
exposure  could  be  compared  between  prior  exercise  and 
no-exercise  conditions,  controlling  for  the  normal  rise  in 
core  temperature  that  accompanies  exercise.  The  four  ex¬ 
perimental  treatments  were  1)  passive  exposure  to  35°C 
water  (no  change  in  body  core  temperature),  2)  passive 
exposure  to  38°C  water  (increase  core  temperature  ~  1°C), 
3)  60-min  exercise  (55%  V02peak)  in  18°C  water  (no  change 
in  core  temperature),  and  4)  60-min  exercise  (55%  V02peak) 
in  35°C  water  (increase  core  temperature  ~  1°C). 

Table  2  presents  the  directional  results  for  cell  counts  and 
plasma  hormones  during  the  cold-air  exposure  after  each  of 
the  four  treatments.  Cold-air  exposure  increased  leukocyte 
and  granulocyte  counts  regardless  of  whether  the  subjects 
exercised  or  had  an  elevated  core  temperature  before  cold 
exposure,  whereas  the  lymphocyte,  monocyte,  and  natural 
killer  cell  counts  changes  were  more  variable.  Along  with 
these  changes  in  immune  cell  populations,  plasma  IL-6  and 
norepinephrine  concentrations  also  increased  during  cold 
exposure.  Interestingly,  when  cold  exposure  was  preceded 
by  exercise  in  18°C  water  (no  change  in  core  temperature), 
the  leukocyte,  granulocyte,  and  monocyte  cell  counts  were 
higher  compared  with  the  35°C  resting  condition  (also  no 


TABLE  3.  Multiple  regression  for  prediction  of  leukocyte  subset  and  lymphocyte 
counts,  check  marks  indicate  significance  at  P  <  0.05;  adapted  from  (13). 


Variable 

R2 

Heart  Rate  Traclal 

Cortisol  Norepinephrine 

Epinephrine 

Leukocyte 

0.45 

J 

J 

Granulocyte 

0.40 

J 

J 

Monocyte 

0.16 

J 

Lymphocyte 

0.27 

J 

CD3+ 

0.20 

J 

y 

CD4+ 

0.02 

CD8  + 

0.22 

y 

CD19+ 

0.42 

J 

y 

y 

Natural  killer 

0.19 

change  in  core  temperature).  However,  cell  counts  during 
cold  exposure  were  independent  of  the  initial  core  temper¬ 
ature,  i.e.,  the  immune  responses  between  the  two  resting 
treatments  or  the  two  exercise  treatments  during  subsequent 
cold  exposure  were  not  the  same,  even  though  the  starting 
core  temperatures  were  different  before  beginning  cold  ex¬ 
posure.  To  understand  what  physiological  factors  (heart 
rate,  core  temperature,  and  stress  hormones)  may  be  driving 
these  changes  in  cell  counts,  a  forward  stepwise  multiple- 
regression  analysis  was  performed  (Table  3).  It  was  ob¬ 
served  that  heart  rate,  rectal  temperature,  and  plasma  stress 
hormones  explained  2-42%  of  the  total  variance  in  total 
leukocytes,  granulocytes,  monocytes,  and  several  lympho¬ 
cyte  subsets.  Not  surprisingly,  norepinephrine  accounted  for 
most  of  the  variance  in  these  subsets.  Norepinephrine  can 
mobilize  cells  through  adrenergic  receptor  stimulation  (27) 
as  well  as  by  its  action  on  sympathetic  nerve  terminals 
within  the  lymph  nodes  and  spleen  (9,14).  The  rise  in 
circulating  leukocytes  during  cold  exposure  may  be  attrib¬ 
uted  to  a  NE-mediated  demargination  of  white  blood  cells 
(54).  Demargination  also  may  have  occurred  via  the  in¬ 
crease  in  cardiac  output  (and  shear  stress)  that  accompanies 
cold  exposure. 

To  better  understand  immune  function,  versus  changes  in 
cell  populations  only,  a  51Cr  uptake  assay  was  performed  to 
assess  NK  cell  activity.  Figure  1  indicates  that  NK  cell 
activity  during  5°C  cold-air  exposure  increased  after  three 
out  of  four  treatments  (the  exception  was  after  exercise  in 
18°C  water  where  NK  cell  activity  was  already  50-250% 

Sit-35°C 


FIGURE  1 — Total  natural  killer  cell  activity  during  each  water  pre- 
treatment  and  during  subsequent  cold  exposure.  Redrawn  from  Bren¬ 
ner  et  al.  (13).  *  Denotes  significant  increase  (P  <  0.05)  in  NK  cell 
activity  with  respect  to  initial  baseline  measurement  before  water  and 
cold  exposure. 
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higher  compared  with  the  other  treatments).  Thus,  it  appears 
that  one  functional  immune  assay  (NK  cell  activity)  was  not 
impaired  after  2  h  of  cold-air  exposure  and  suggests  that  the 
first-line  defense  against  viral  infections  (NK  cells)  remains 
intact. 

Study  2:  Multiple  Days  of  Exercise  and 
Intracellular  Cytokines 

Cold  exposure  may  initiate  changes  in  cytokine  expres¬ 
sion  associated  with  a  nonspecific  acute  phase  reaction 
(13,19,20).  Cytokines  play  a  key  role  in  communicating 
between  the  neuroendocrine  and  immune  systems  (21)  and 
therefore  may  influence  immune  homeostasis  in  cold  envi¬ 
ronments  (19,35).  In  humans,  inflammatory  cytokines  may 
be  released  from  circulating  monocytes  and  include  tumor 
necrosis  factor  (TNF)-a,  followed  by  interleukin  (IL)-l/3, 
IL-6,  and  IL-l(ra)  receptor  antagonist  (2,58). 

Fo  determine  the  interaction  of  cold  exposure  and  exer¬ 
cise  on  cytokine  expression  in  CD14+  monocytes,  nine  men 
exercised  in  the  cold  on  two  occasions,  on  day  0,  when  the 
subjects  were  rested,  and  again  on  day  7,  after  7  consecutive 
days  of  strenuous  exercise  (4  h  d  ').  Cold  exposure  con¬ 
sisted  of  walking,  completely  wetted,  for  up  to  6  h  (from 
1330  to  1930  h),  in  5°C  air  at  a  wind  velocity  of  5.4  m  s-1. 
Blood  samples  were  taken  at  0700  h,  after  the  4-h  exercise 
session  (1130  h),  and  immediately  after  cold  exposure  (2000 
h).  Intracellular  cytokine  expression  in  CD14  1  cells  was  de¬ 
termined  using  flow  cytometry.  Intracellular  expression  of  the 
cytokines  is  presented  in  Figure  2.  CD  14  *  monocytes  were 
either  stimulated  without  (LPS-)  or  with  (LPS+)  lipopolysac- 
charide,  a  monocyte  specific  antigen.  The  unstimulated  re¬ 
sponse  provides  a  “snap-shot”  of  what  the  cells  are  producing 


FIGURE  2— Percent  cytokine  expression  (interleukin  (IL)-l,  IL-lra, 
IL-6  and  tumor  necrosis  factor  (TNF)-a)  by  CDI4+  monocytes  after 
unstimulated  (LPS— )  and  stimulated  i  1 . PS  H  treatment  before  exer¬ 
cise  (0700;  day  0,  o,  day  7,  •),  after  exercise  (1130;  day  0,  o,  day  7,  ♦), 
and  after  cold  exposure  (2000;  day  0,  □;  day  7,  ■)  before  (day  0)  and 
after  7  d  (day  7)  of  exhaustive  exercise.  *  Denotes  significant  (/’  <  0.05) 
within-trial  differences  vs  resting  (0700  h)  values,  f  Denotes  significant 
(P  <  0.05)  day  0  vs  day  7  differences  at  times  indicated;  from  Rhind 
et  al.  (49). 


TABLE  4.  Relationship  between  intracellular  cytokines  and  catecholamines  by 
stepwise  multiple  regression;  adapted  from  (49). 


Probability  Values 


Intracellular  Cytokine 

R2 

Norepinephrine 

Epinephrine 

IL-1/3 

0.39 

0.02* 

NS 

IL-lra 

0.35 

0.0001 

0.0001 

IL-6 

0.34 

0.006 

0.02 

TNF-a 

0.40 

0.01* 

0.04* 

*  Negative  association  between  variables. 


in  vivo  at  the  time  of  sampling,  whereas  LPS  stimulation  gives 
an  idea  of  the  monocyte’s  capacity  to  respond  when  chal¬ 
lenged.  The  two  responses  in  concert  reflect  the  overall  ability 
of  the  monocyte  to  produce  cytokines,  which  assesses  the 
functionality  of  an  immune  cell  to  respond  to  a  pathogen. 

Figure  2  shows  the  intracellular  cytokine  results.  IL-]j3, 
in  unstimulated  CD14+  monocytes,  was  elevated  at  rest  and 
after  exercise  on  day  7.  Cold  exposure  on  day  7,  however, 
caused  IL- 1 /3  expression  to  fall  to  levels  observed  after  cold 
exposure  on  day  0.  IL-6  expression  in  unstimulated  cells 
was  elevated  after  exercise  on  day  7.  Cold  exposure  had  no 
further  effect  on  IL-6  expression  after  7  d  of  exhaustive 
exercise,  but  on  day  0,  cold  exposure  increased  intracellular 
IL-6  expression  to  levels  observed  on  day  7.  TNF-a  expres¬ 
sion,  like  IL-I/3,  was  elevated  with  exercise  in  both  stimu¬ 
lated  and  unstimulated  cells,  but  cold  exposure  caused  in¬ 
tracellular  expression  to  significantly  decline  on  day  7. 

The  mechanism  underlying  these  changes  in  cytokine 
generation  is  not  clear,  but  cytokine  production  may  be 
related  to  induction  of  systemic  endotoxemia,  provoked  by 
alterations  in  central  hemodynamics  and  stress  hormone 
release.  Moderate  cold  exposure  will  reduce  splanchnic 
blood  flow  (25),  which  promotes  translocation  of  LPS  into 
the  systemic  circulation  (28).  Also,  upon  re-warming  the 
potential  for  even  greater  endotoxemia  exists  due  to  tran¬ 
sient  splanchnic  reperfusion  (25).  Moreover,  cold  exposure 
may  further  exacerbate  such  effects  via  enhanced  sympa¬ 
thoadrenal  activation  (51)  and/or  by  directly  augmenting  the 
biological  activity  of  LPS  (44). 

The  molecular  signaling  pathways  involved  in  thermal 
stress-induced  cytokine  alterations  are  unknown.  The  cur¬ 
rent  findings  (Table  4)  are  consistent  with  studies  indicating 
that  adrenergic/noradrenergic  mechanisms  are  intimately  in¬ 
volved  in  the  regulation  of  cytokine  production  with  various 
forms  of  physical  stress  (3).  Monocytes  express  both  a  and 
/3-adrenergic  receptors  and  binding  of  epinephrine  or  nor¬ 
epinephrine  can  activate  or  inhibit  different  signal  transduc¬ 
tion  pathways  (48).  The  stimulation  of  j82-adrenoceptors 
during  stress  attenuates  excessive  synthesis  of  pro-inflam¬ 
matory  cytokines  (IL-1/3  and  TNF-a)  and  elevates  anti¬ 
inflammatory  cytokines  (IL-6,  IL-lra,  and  IL-I0)  via  in¬ 
creased  cAMP  (48,65).  However,  activation  of  a2- 
adrenoceptors  is  associated  with  reduced  cAMP  levels  and 
enhances  pro-inflammatory  cytokine  synthesis  (60).  In  this 
context,  the  current  observations  showing  that  cold  exposure 
elicited  differential  changes  in  IL-1/3  and  TNF-a  suggests 
that  a-adrenergic  mechanisms  possibly  prevail  after  cold 
stress  on  day  0.  In  contrast,  cold  exposure  on  day  7  de¬ 
creased  monocytic  TNF-a  and  IL-1/3  but  stimulated  IL-lra 
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Day  7  Cold 


Day  0  Cold 


FIGURE  3 — Proposed  hypothesis  for  the  effects  of  fatigue  and  cold  on 
sympathetically  mediated  control  of  intracellular  cytokine  expression. 

expression,  indicating  that  /3-adrenergic  mechanisms  may 
have  predominated  when  cold  stress  was  preceded  by  exer¬ 
cise.  Alternatively,  it  is  conceivable  that  repeated  strenuous 
exercise  for  7  d  may  alter  monocytic  adrenoceptor  density 
(3),  thereby  reducing  excessive  synthesis  of  pro-inflamma¬ 
tory  cytokines  but  enhancing  anti-inflammatory  cytokines 
after  cold  exposure.  A  schematic  of  this  proposed  hypoth¬ 
esis  is  presented  in  Figure  3. 

We  also  examined  the  Thl-Th2  response  to  cold  exposure. 
Thl  and  Th2  refer  to  the  T-helper  cell  type  one  and  two 
responses,  respectively,  by  CD4+  cells  when  antigen-present¬ 
ing  cells  such  as  macrophages  present  them  with  antigens.  The 
Thl  response  is  associated  with  the  release  of  the  cytokines 
IL-2,  gamma-interferon,  and  IL-12,  which  among  other  things, 
seem  to  promote  the  growth  of  cytotoxic,  or  killer,  CD8+  cells 
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(cytotoxic  T-cells).  These  cells,  one  of  the  main  weapons  of  the 
cellular  immune  response,  are  critical  in  locating  and  killing 
infected  cells.  The  Th2  response  is  associated  with  the  release 
of  IL-4,  IL-5,  and  IL- 10.  These  cytokines  tend  to  encourage  the 
production  of  antibodies.  In  addition  to  promoting  antibodies, 
these  cytokines  actually  suppress  the  Thl  response,  reducing 
the  magnitude  of  the  cytotoxic  T-cell  response.  The  cytokines 
associated  with  Thl  in  turn  suppress  the  Th2  response.  Our 
data  (Rhind  et  al.,  unpublished  observations)  show  that  Thl 
cytokines  are  down-regulated  by  cold  exposure  in  the  absence 
of  a  strong  Th2  response,  which  suggests  the  possibility  that 
cytotoxic  CD8+  cells  will  not  be  as  effective  after  3-6  h  of 
cold  exposure. 

In  conclusion,  from  the  limited  amount  of  data  collected  to 
this  point,  it  appears  that  moderate  acute  cold  exposure  per  se 
has  no  detrimental  effect  on  the  innate  component  of  the 
immune  system.  It  should  be  pointed  out  that  these  findings 
cannot  be  extrapolated  directly  to  predicting  host  defense  and 
susceptibility  to  pathogenic  organisms.  The  mechanisms  for 
these  cold-induced  natural  killer  cell  and  intracellular  cytokine 
changes  are  still  unknown  at  this  point,  although  the  literature 
suggests  the  sympathetic  nervous  system  mediates  many  of  the 
changes.  Further  studies  using  adrenergic-blocking  drugs  will 
clarify  this.  Also,  because  cold  exposure  affects  cytokine  pro¬ 
duction,  cold  exposure  may  provide  a  good  physiological 
model  to  examine  sympathetic  nervous  system  regulation  of 
cytokine  production. 

The  views,  opinions,  and/or  findings  in  this  report  are  those  of  the 
authors  and  should  not  be  construed  as  official  Department  of  the 
Army  position,  policy,  or  decision  unless  so  designated  by  other 
official  designation.  Human  subjects  participated  in  these  studies 
after  giving  their  free  and  informed  voluntary  consent.  Investigators 
adhered  to  AR  70-25  and  USMRDC  Regulation  70-25  on  Use  of 
Volunteers  in  Research. 
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